Epigenetic deregulation of gene expression has a role in the initiation and progression of prostate cancer (PCa). The histone methyltransferase MMSET/WHSC1 (Multiple Myeloma SET domain) is overexpressed in a number of metastatic tumors, but its mechanism of action has not been defined. In this work, we found that PCa cell lines expressed significantly higher levels of MMSET compared with immortalized, non-transformed prostate cells. Knockdown experiments showed that, in metastatic PCa cell lines, dimethylation of lysine 36 and trimethylation of lysine 27 on histone H3 (H3K36me2 and H3K27me3, respectively) depended on MMSET expression, whereas depletion of MMSET in benign prostatic cells did not affect chromatin modifications. Knockdown of MMSET in DU145 and PC-3 tumor cells decreased cell proliferation, colony formation in soft agar and strikingly diminished cell migration and invasion. Conversely, overexpression of MMSET in immortalized, non-transformed RWPE-1 cells promoted cell migration and invasion, accompanied by an epithelial-mesenchymal transition (EMT). Among a panel of EMT-promoting genes analyzed, TWIST1 expression was strongly activated in response to MMSET. Chromatin immunoprecipitation analysis demonstrated that MMSET binds to the TWIST1 locus and leads to an increase in H3K36me2, suggesting a direct role of MMSET in the regulation of this gene. Depletion of TWIST1 in MMSET-overexpressing RWPE-1 cells blocked cell invasion and EMT, indicating that TWIST1 was a critical target of MMSET, responsible for the acquisition of an invasive phenotype. Collectively, these data suggest that MMSET has a role in PCa pathogenesis and progression through epigenetic regulation of metastasis-related genes.
INTRODUCTION
Prostate cancer (PCa) remains the second leading cause of cancer deaths among men in the United States. 1 A large burden of PCa mortality is related to advanced, metastatic disease when androgen-depletion therapy becomes ineffective. A better understanding of the mechanisms of progression of PCa and the acquisition of metastatic properties is needed to identify new therapeutic targets.
Increasing evidence shows that epigenetic changes have an important role in the initiation and progression of PCa. [2] [3] [4] Although aberrant DNA methylation has been the main focus of the epigenetic studies of PCa, 5 recent findings suggest that chromatin remodeling and posttranslational histone modifications are also important in the deregulation of gene expression in this disease. [2] [3] [4] The N-terminal tails of histones are subjected to multiple reversible posttranslational modifications such as methylation, acetylation, phosphorylation, ubiquitination and sumoylation. [6] [7] [8] [9] The combination of these modifications on specific residues results in changes in the conformation of the chromatin and in the binding of transcriptional cofactors, regulating gene expression. The deregulation of several enzymes that control histone modifications has been described in PCa, including histone deacetylases (HDACs) such as HDAC1, histone demethylases (HDMs) like LSD1, and histone methyltransferases (HMTs) like EZH2. [10] [11] [12] [13] Furthermore, the global state of several histone modifications has been shown to have prognostic importance in this disease. [13] [14] [15] MMSET (WHSC1, NSD2) is an HMT that was first identified as a candidate gene for Wolf-Hirschhorn Syndrome (WHS), characterized by fetal overgrowth and malformations. 16 MMSET belongs to a family of nuclear receptor SET (Su(var)3-9, Enhancer of Zeste, Trithorax) domain (NSD) proteins, whose members possess a SET domain encoding lysine methyltransferase activity. 17 Although the substrate specificity of NSD proteins was controversial, 18 recently it has been narrowed down to dimethylation of histone H3 lysine 36, 19, 20 a mark commonly associated with active transcription. The MMSET gene is composed of 25 exons and undergoes alternative splicing to yield two major species: MMSET I and MMSET II. MMSET II gives rise to the full-length protein, whereas MMSET I is a shorter isoform that lacks the C-terminal region, encoding for a protein that does not posses the SET domain or HMT activity. 16, 21, 22 The importance of MMSET in malignancy was first highlighted by characterization of the t(4;14) translocation in about 15-20% of multiple myeloma (MM), which fuses the MMSET gene to the immunoglobulin heavy-chain promoter/enhancer, leading to dramatic upregulation of MMSET expression. 23 MMSET 1 regulates growth, adhesion and clonogenicity of MM cell lines, and contributes to tumor maintenance in vivo. 19, [24] [25] [26] Our group previously showed that in MM cell lines, MMSET produces aberrantly high global levels of H3K36me2 and low levels of H3K27me3, which correlate with an altered gene expression profile and changes in chromatin accessibility. 19 MMSET is also overexpressed in solid tumors, including breast cancer and glioblastoma. 18, [27] [28] [29] [30] [31] [32] In general, MMSET upregulation is associated with aggressive tumor behavior and poor prognosis. 28, 29 Two groups have shown that MMSET mRNA is overexpressed in PCa, relative to the levels in normal tissues. 29, 30 Moreover, analysis of Oncomine data sets showed that MMSET expression is elevated in Gleason grade 7-9 tumors compared with tumors at grade 6 and below, and that high-level expression of this factor is associated with PCa recurrence. 29 These findings suggest that MMSET may be involved in PCa pathogenesis and progression, however, the biological role of MMSET in this disease and the nature of the genes it may regulate remained to be elucidated.
Here we report that similarly to MM, MMSET overexpression in PCa influences H3K36me2 and H3K27me3 methylation. Overexpression of MMSET in immortalized prostatic epithelial cells leads to a striking increase in migration and invasion, and changes in cell morphology and gene expression consistent with an epithelial-mesenchymal transition (EMT). These effects are mediated by the ability of MMSET to activate the expression of TWIST1, a gene implicated in tumor-associated EMT and invasion. 33, 34 Collectively, our data suggest that MMSET contributes to PCa progression by the aberrant epigenetic regulation of genes that drive the metastatic phenotype.
RESULTS

MMSET is overexpressed in PCa cell lines and influences global histone methylation
MMSET mRNA was shown to be upregulated in PCa specimens. 29, 30 To determine whether PCa is associated with increased expression of MMSET protein, lysates from two immortalized but non-transformed prostate epithelial cell lines (RWPE-1 and BPH1), and several PCa cell lines (LNCaP, PC-3, DU145, VCaP and 22Rv1) were subjected to immunoblot. MMSET expression was clearly upregulated in all the PCa cell lines analyzed compared with BPH1 and RWPE-1 cells (Figure 1a) , with the metastasis-derived DU145 cell line displaying the highest levels.
MMSET alters global histone methylation patterns in MM, increasing H3K36 methylation and decreasing H3K27 methylation. 19 By contrast, in prostate cells, no clear correlation between the expression of MMSET and the levels of histone methylation was observed (Figure 1a) . However, to determine if MMSET still had the ability to alter chromatin in PCa, gain-and loss-of-function cellular models were generated. Benign, immortalized RWPE-1 cells with low basal levels of MMSET (Figure 1a) , were engineered to overexpress MMSET I, wild-type MMSET II or SET domain mutant MMSET II (Y1118A). Immunoblot analysis showed that, as in MM, overexpression of wild-type MMSET II elevated H3K36me2 and depressed H3K27me3 levels. By contrast, MMSET I, which lacks the SET domain, and mutant MMSET II 26 failed to induce a H3K36me2/H3K27me3 switch (Figure 1b) . These results were confirmed in the immortalized, non-transformed BPH1 cells (Figure 1b) .
To generate a loss-of-function model, PCa cell lines DU145, PC-3 and 22Rv1 were transfected with a pool of siRNAs targeting both isoforms of MMSET (siMMSET pool), a C-terminal siRNA targeting MMSET II (siMMSET C-ter), or a control siRNA (scramble). Both MMSET knockdowns showed the same effect on global histone methylation patterns, a decrease in H3K36me2 and an increase in H3K27me3 (Figure 1c Figure S2A) . Similarly, MMSET knockdown in DU145 cells reduced the levels of H3K36me2 and increased the levels of H3K27me2 and H3K27me3, at the expense of H3K27me1 (Supplementary Figure S2B) . Additionally, MMSET knockdown in non-transformed RWPE-1 and BPH1 cells had little effect on H3K27me2/3 and H3K36me2/3 levels, confirming the results obtained by immunoblot (Supplementary Figure S3) .
Loss of MMSET expression affects cell growth, invasion and migration To evaluate the biological role of MMSET overexpression in PCa cell lines, we analyzed the effect of MMSET knockdown on anchorage-dependent and independent proliferation, migration and invasion. Downregulation of MMSET produced a modest decrease in the proliferation of the DU145 cell line (Figure 2a ). MMSET knockdown yielded both an increase in the number of apoptotic cells (Supplementary Figure S4A) , and a modest reduction in the percentage of cells in S-phase (Supplementary Figure S4B ). Loss of MMSET had a larger effect on anchorageindependent growth, reducing the number of colonies formed in soft agar by a factor of 3 ( Figure 2b ). This assay is considered a measure of tumorigenicity, and suggests that MMSET is necessary to maintain the transformed phenotype of PCa cells. DU145 is a metastatic PCa cell line, and therefore displays conspicuous migratory and invasive properties. MMSET loss in this cell line led to a striking decrease in migration through a Boyden chamber (Figure 2c ), and invasion into Matrigel (Figures 2d and e) , suggesting that MMSET upregulation may be relevant to the metastatic phenotype of PCa cells. All results were corroborated using the PC-3 metastasis-derived cell line (Supplementary Figures  S4 and S5 ).
MMSET overexpression in non-transformed cells promotes migration and invasion Using the gain-of-function model in RWPE-1 cells, we evaluated whether MMSET upregulation in benign cells could confer aspects of the tumor phenotype. Overexpression of the wild-type or SET domain mutant MMSET did not enhance the proliferation of these cells (Figure 3a) , and did not stimulate the formation of colonies in soft agar (Figure 3b ). However, overexpression of MMSET in RWPE-1 cells strongly promoted migration and invasion (Figures 3c-e). The MMSET mutant induced this phenotype to a lesser degree than wild-type MMSET (Figures 3c-e) , suggesting that the HMT activity of MMSET is an important factor for its biological activity. These data suggest that although MMSET may not transform cells on its own, it may have a role in disease progression and metastasis.
MMSET induces EMT EMT is a developmental process in which the epithelial cells acquire characteristics of mesenchymal cells. Aspects of the EMT
The HMT MMSET promotes EMT and invasion in PCa T Ezponda et al are present in advanced cancers, and contribute to tumor progression by facilitating tumor invasion and dissemination. The expression of mesenchymal (vimentin, fibronectin 1, N-cadherin) and epithelial (desmoplakin, DSC3, occludin) markers was analyzed by real-time PCR in cells described in (a). Gene expression normalized to GAPDH, from three independent experiments ( ± s.d.), is presented relative to that observed in cells transduced with control retrovirus (*Po0.05; **Po0.01).
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We next determined whether knockdown of MMSET affected the phenotype of DU145 metastatic PCa cells. In response to MMSET depletion, these cells changed their mode of growth from a scattered pattern to the formation of more tightly packed colonies (Supplementary Figure S6A) . This effect was accompanied by a downregulation of vimentin, and an upregulation of occludin and E-cadherin at the protein (Supplementary Figure  S6B) and mRNA level, again, highlighting the role of the transcriptional regulation by MMSET (Supplementary Figure  S6C) . Collectively, the data suggest that MMSET depletion in PCa cells leads to loss of mesenchymal characteristics and promotes a more epithelial state.
TWIST1 mediates MMSET-induced EMT, migration and invasion
To ascertain how MMSET promotes EMT, we determined the expression of EMT-promoting genes in both the gain-and the loss-of-function models (Supplementary Figure S7) . Among the genes analyzed, only TWIST1 was strongly regulated by MMSET in both systems, increasing upon MMSET overexpression in RWPE-1 cells and decreasing after knockdown in DU145 cells (Figures 5a and b and Supplementary Figure S7) . TWIST1 is one of the core EMT-promoting genes, and a key factor responsible for metastasis in different tumors. 33, 34, 36 Reanalysis of gene expression profiles from benign and malignant prostate [37] [38] [39] demonstrated an increased expression of MMSET and TWIST1 in PCa specimens (Figure 5c ). Moreover, each data set showed a significant positive correlation between the expression of MMSET and TWIST1 (Varambally: r ¼ 0.72, Po0.05; Lapointe: r ¼ 0.84, Po0.0001; Yu: r ¼ 0.3, Po0.0001), suggesting that their expression increases in parallel in the transition from benign prostatic epithelium to PCa (Figure 5c ). To further corroborate the regulation of TWIST1 by MMSET, we analyzed its expression in MM, the system where MMSET upregulation and function has been best described. In agreement with MM cell line expression profiles 40 (GSE6205), we found that cells harboring the t(4;14) translocation had significantly higher levels of TWIST1 than those without MMSET rearrangements (Supplementary Figure S8A) . Moreover, in t(4;14) myeloma cells, shRNA-mediated depletion of MMSET depressed TWIST1 levels, whereas repletion of MMSET in a t(4;14) cell line in which the rearranged MMSET locus was disrupted (KMS11-TKO) raised TWIST1 levels (Supplementary Figure S8B) . In a set of primary myeloma specimens categorized by the nature of their underlying chromosomal abnormalities 41 (GSE13591), those in the TC4 group, characterized by t(4;14), had significantly greater expression of TWIST1 than the other subgroups of myeloma (Supplementary Figure S8C) . Collectively, these data suggest that MMSET promotes TWIST1 expression both in PCa and MM.
To determine whether TWIST1 was responsible for the ability of MMSET to induce cell migration, invasion and EMT, we simultaneously overexpressed MMSET and depleted TWIST1 in RWPE-1 cells. Although expression of MMSET led to a 412-fold increase of TWIST1 mRNA levels, simultaneous treatment of the cells with siRNA directed against TWIST1 largely blocked the accumulation of this factor (Figures 6a and c) . The spindle-like morphology induced by overexpression of MMSET (Figure 6b-center) was reverted by TWIST1 knockdown, producing cells with an epithelial, polygonal morphology (Figure 6b, right) . Loss of TWIST1 expression also reversed the ability of MMSET to induce the expression of vimentin, and blocked MMSET-mediated repression of E-cadherin and occludin (Figure 6c ). N-cadherin was not decreased upon TWIST1 knockdown, suggesting its expression may be directly regulated by MMSET or another intermediary factor. Lastly, knockdown of TWIST1 in MMSET-overexpressing RWPE-1 cells significantly Additionally, to determine whether reduction of TWIST1 expression upon MMSET knockdown in DU145 cells could explain the decrease in the invasive phenotype observed, TWIST1 itself was downregulated. TWIST1 knockdown recapitulated the effects of MMSET downregulation, decreasing migration and invasion, and inducing a more epithelial phenotype (Supplementary Figure  S9) . These results, in accordance with those of Kwok et al., 33 indicate a major role of TWIST1 in controlling the invasive phenotype of DU145 cells, and suggest that TWIST1 mediates the effect of MMSET on PCa cells.
MMSET binding across the TWIST1 locus correlates with levels of H3K36me2 As MMSET regulated the expression of TWIST1 in all the systems analyzed, we determined whether MMSET could directly bind TWIST1. Chromatin immunoprecipitation (ChIP) analysis in RWPE-1 cells overexpressing MMSET showed MMSET binding across the TWIST1 locus. MMSET binding was accompanied with an increase in H3K36 dimethylation (Figure 7a ). ChIP analysis in DU145 cells also showed MMSET binding across the TWIST1 locus that decreased upon MMSET knockdown, in parallel with a decrease in H3K36me2 (Figure 7b ). These results suggest that TWIST1 can be directly regulated by MMSET. To confirm the specificity of the regulation of this locus, ChIP analysis was performed on Snail gene (SNAI1), another EMT-promoting gene whose expression was unaffected by MMSET. MMSET binding to this locus was increased in response to MMSET upregulation, however, an increase in H3K36me2 enrichment was not observed (Supplementary Figure S10a) . Similarly, upon MMSET knockdown in DU145 cells, MMSET binding decreased, however, this was not accompanied by a reduction in H3K36me2 (Supplementary Figure  S10b) . Together, these results show that MMSET binding is not sufficient to stimulate gene expression, and suggest that the presence of other transcriptional regulators may also be required. Moreover, the ability of MMSET to methylate histones may be related to its ability to activate gene expression.
DISCUSSION
The pathogenesis and progression of PCa and other malignancies can be understood, in part, by the interplay between genetic and epigenetic changes that leads to altered patterns of gene expression. Most cases of PCa harbor genetic anomalies such as the TMPRSS2-ERG fusion gene, deletion of PTEN or other genomic rearrangements, 42 and point mutations in genes such as TP53, KRAS and EGFR (www.sanger.ac.uk/genetics/CGP/cosmic/). These genetic alterations may be compounded by epigenetic anomalies mediated by altered expression of histone methyltransferases such as EZH2 and MMSET, the histone demethylase LSD1, and The HMT MMSET promotes EMT and invasion in PCa T Ezponda et al histone deacetylases. [10] [11] [12] [13] In general, expression of these enzymes is increased in the transition from benign epithelia to localized neoplasm to metastatic malignancy, suggesting that epigenetic alterations have a role in cancer progression. Accordingly, we found that the major effect of MMSET on PCa cell biology was on invasion and migration.
Although overexpression of MMSET in MM was associated with a profound shift in global histone methylation levels, 19 MMSET overexpression in PCa cell lines was associated with a more subtle difference. Specifically, depletion of MMSET depressed H3K36me2 levels and elevated H3K27me3 only in metastatic PCa cells and not in benign prostatic epithelial cells. This suggests that in benign prostate cells, other enzymes, including NSD1 and NSD3, may regulate H3K36me2 levels. These proteins are structurally similar to MMSET and can also catalyze dimethylation of H3K36. 43, 44 Upon MMSET overexpression in PCa cells lines, the levels of these modifications become dependent on MMSET. DU145 cells also depend on continued MMSET expression to maintain mesenchymal identity, optimal growth rate, growth in soft agar and invasive phenotype. Together, this suggests that MMSET overexpression may alter the set of genes exhibiting H3K36me2 or H3K27me3, changing gene expression and facilitating PCa progression. Further definition of the gene networks controlled by MMSET in PCa will require integration of gene expression and ChIP-Seq data sets.
Why MMSET regulates the expression of only certain genes remains unknown. Despite a global change in histone modifications in myeloma cells, MMSET overexpression only regulates several hundred genes. 19 In regard to genes affecting EMT, MMSET bound both the TWIST1 and SNAI1 loci, however, an increase in H3K36 methylation was only observed for the TWIST1 locus, correlating with TWIST1 mRNA upregulation. Similarly, in myeloma cells, MMSET overexpression only affected the expression of TWIST1 and not SNAI1 (Supplementary Figure S8B and data not shown). The ability of MMSET to alter TWIST1 expression in model cell systems is clinically relevant. Elevated MMSET levels in PCa and t(4;14)-associated myeloma are correlated with increased TWIST1 expression but no change in SNAI1 (Figure 5c , Supplementary Figure S8C and data not shown). The factors that determine specific gene activation by MMSET such as promoter architecture, basal state of gene expression or three-dimensional chromatin configuration remain to be determined.
A number of studies show that MMSET is particularly upregulated in tumors of advanced grade and stage. 23, 28, 29, 45 MMSET was unable to promote colony formation by immortalized benign prostate cells but strongly induced an invasive phenotype. Accordingly, in MM, MMSET regulates, among others, the genes involved in cell adhesion and cell motility, 19, 24, 25 processes usually deregulated during tumor progression. Collectively, these results suggest than MMSET acts in advanced stages of malignancy, favoring tumor progression. Whether MMSET also acts in tumor initiation, transforming cells in collaboration with other genetic lesions, remains to be elucidated.
MMSET-mediated acquisition of the invasive phenotype in prostate cells requires TWIST1. TWIST1 is a transcription factor that promotes invasion and metastasis in a variety of cancers, through the induction of EMT. 33, 34, 36 TWIST1 is highly expressed in up to 90% of PCa, and its upregulation in prostate cells results in an invasive phenotype. 33 Interestingly, TWIST1 expression was also high in t(4;14) þ MM cell lines and patient specimens. MM cells do not show an epithelial phenotype, therefore, how TWIST1 expression alters the biology of MM remains to be determined. High expression of TWIST1 in solid tumors confers resistance to apoptosis induced by chemotherapy drugs such as taxol or cisplatin. 33, 46 This suggests that the aggressive biological behavior, poor response to therapy and poor prognosis of tumors displaying high MMSET levels might be mediated by the antiapoptotic effects of TWIST1. TWIST1 expression also links EMT to self-renewal, promoting the acquisition of stem cell-like characteristics. 47 Accordingly, inactivation of MMSET by small molecular inhibitors, which have already been developed for other HMTs such as G9a 48, 49 and DOT1L1, 50 may represent a novel therapeutic maneuver in advanced cancers. We have shown here and previously that siRNA-mediated depletion of MMSET reverses global epigenetic changes and alteration in expression of specific genes such as TWIST1. 19 Further analysis of gene expression changes mediated by MMSET in MM and PCa may yield important biomarkers for the activity of putative inhibitors.
This work adds to the growing amount of evidence highlighting the importance of epigenetic deregulation in PCa. Our results emphasize the role that MMSET may have in PCa progression, through its regulation of EMT and invasion. Although TWIST1 is clearly an important gene that mediates MMSET effects, the relevance of other genes and pathways cannot be ruled out. The specific regulation of H3K36 and H3K27 methylation by MMSET in metastatic PCa, and the strong biological effects promoted by this factor, highlight the importance of considering MMSET as a therapeutic target for the treatment of PCa.
MATERIALS AND METHODS
Cell culture
Human prostate cell lines were obtained from the ATCC (Manassas, VA, USA) and grown in RPMI-1640 (DU145, PC-3, LNCaP, 22Rv1, BPH1) or DMEM (VCaP) medium, supplemented with 10% fetal bovine serum. Nonneoplastic, immortalized human prostatic epithelial RWPE-1 cells (ATCC) were cultured in defined Keratinocyte-SFM (Gibco, Grand Island, NY, USA) supplemented with recombinant epidermal growth factor (EGF) and bovine pituitary extract (BPE) (Gibco).
Gain-of-function and loss-of-function models RWPE-1 cells were transduced with retroviral vectors harboring MMSET I, MMSET II wild-type or MMSET II mutant isoforms. Retroviruses were generated by transfection of 293T cells with plasmids previously described 19 and FuGENE6 (Roche Applied Science, Indianapolis, IN, USA). RWPE-1 cells were sorted using the DSRed (MMSET II wild-type and mutant) or green fluorescent protein (MMSET I) markers. For MMSET and TWIST1 knockdown, cells were transfected with 20 nM siRNA, using Lipofectamine RNAiMAX (Invitrogen, Grand Island, NY, USA). siRNAs target sequences are included in Supplementary Table S1 . A scrambled siRNA (D-001206-14, Dharmacon, Lafayette, CO, USA) was used as a control.
Immunoblotting
For extraction of total proteins, cells were disrupted in 1% NP-40 lysis buffer (140 mM NaCl, 10 mM Tris-HCl pH 8, 1% NP-40) supplemented with proteinase inhibitors (Roche). Nuclear proteins were extracted using the Nuclear Complex Co-IP Kit (Active Motif, Carlsbad, CA, USA). Proteins were electrophoretically separated, blotted and detected using enhanced chemiluminescence. Primary antibodies were: MMSET (described in Martinez-Garcia et al. 19 ), H3K36me2 (Millipore, Billerica, MA, USA; 07-369), H3K27me3 (Millipore, 07-449), pan-H4 (Abcam, Cambridge, MA, USA; Ab7311), N-cadherin (BD Transduction Laboratories, San Jose, CA, USA; 610920), Vimentin (Thermo Fisher Scientific, Pittsburgh, PA, USA; MS-129), Occludin (Santa Cruz, Santa Cruz, CA, USA; sc-5562), E-cadherin (Cell Signaling, Danvers, MA, USA; 4065), TWIST1 (Active Motif; 61097), and GAPDH (Millipore, MAB374). Secondary antibodies were horseradish peroxidase-conjugated donkey anti-rabbit and sheep anti-mouse IgG (GE Healthcare Life Sciences, Piscataway, NJ, USA).
cDNA preparation and real-time PCR Total RNA was extracted using the RNeasy kit (Qiagen, Valencia, CA, USA). Reverse transcription was performed using 2 mg of total RNA and the iScript Advanced cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). Realtime PCR determinations were performed using the Lightcycler 480 SYBR Green I Master reagent (Roche) on the Lichtcycler 480 II (Roche). Primers used are listed in Supplementary Table S2. The HMT MMSET promotes EMT and invasion in PCa T Ezponda et al
Cell proliferation and soft-agar assays DU145, PC-3 and RWPE-1 cells (500, 1000 and 500 cells per well, respectively) were seeded in 96-well plates in six replicates, and proliferation was measured at 24-h intervals by methylthiazolyldiphenyltetrazolium bromide (MTT) conversion (Sigma-Aldrich, St Louis, MO, USA). Anchorage-independent proliferation was determined by plating DU145, PC-3 and RWPE-1 cells (5000, 3000 and 10 000 cells, respectively) in six-well plates, with a bottom layer of 0.6% agar and a top layer of 0.3% agar containing the cells. After an 8-day incubation, colonies were visualized using MTT reagent.
Cell cycle and apoptosis analysis
Cell cycle distribution and the percentage of apoptotic cells were measured by flow cytometric analysis (BD LSR II). For cell cycle determinations, cells were incubated with BrdU (5-bromo-2-deoxyuridine) for 30 min. BrdU incorporation was analyzed using the APC BrdU Flow Kit (BD Pharmigen). Apoptosis was measured using the Annexin V-Cy5 Apoptosis Detection Kit (Biovision, Mountain View, CA, USA).
Migration and invasion assays
Migration assays were performed using polycarbonate membranes with 8 mm pores in 24-well chemotaxis chambers (Costar/Corning, Lowell, MA, USA). DU145, PC-3 (5 Â 10 4 cells) or RWPE-1 cells (1 Â 10 5 cells) were loaded into the top of each chamber in 150 ml of serum-free RPMI or Keratinocyte-SFM without EGF and BPE. The lower chamber was filled with 500 ml of RPMI containing 10% FBS for DU145 and PC-3, or Keratinocyte-SFM with EGF and BPE for RWPE-1 cells. After a 24-h incubation, cells that migrated to the lower surface of the membrane were fixed with 100% methanol and stained with 5% crystal violet. Cells were counted in two different inserts, considering four random fields per insert. Invasion assays were performed using 24-well Matrigel invasion chambers (BD Biocoat, BD Biosciences), as above.
Histone preparation and mass spectrometry analysis Histones were recovered from cells using sulfuric acid extraction, chemically derivatized using propionic anhydride, and digested with trypsin, as described previously. 51 The peptide containing both K27 and K36 (K 27 SAPATGGVKKPHR 40 ) was one of the peptides liberated from histone H3.1 and H3.2 during this process. All peptides were analyzed with a nano LC-MS system consisting of a Dionex UltiMate 3000 coupled to a Thermo Fisher Scientific TSQ Quantum QQQ mass spectrometer. Transitions for selected reaction monitoring (SRMs) were developed and data were analyzed using Skyline software (v1.1; MacCoss Lab, University of WA, USA). 52 Out of all the 16, 15 possible combinatorial methylations in H3K27-K36 peptide, except H3 K27me3-K36me3, were measured in 15 channels, each of them consisting of three unique transitions for that particular methylation form. Individual K27 or K36 relative methylation levels were calculated by combining corresponding channels.
Chromatin immunoprecipitation
Chromatin Immunoprecipitation (ChIP) was performed using a ChIP kit (Millipore), with the modifications previously described. 19 The antibodies used were: MMSET (described in Martinez-Garcia et al. 19 ), H3K36me2 (Upstate, 07-369) and rabbit IgG (Abcam, ab37415). Quantitative PCR (qPCR) was performed as above (primers in Supplementary Table S3) . Enrichment was calculated as percentage of total input DNA precipitated.
Statistical analysis
Data obtained from MTT, soft agar, migration, invasion, apoptosis, cell cycle, real-time PCR and ChIP assays were analyzed using the Student's t test or Mann-Whitney U test. The Pearson's correlation test was used to evaluate the association between MMSET and TWIST1 expression. Statistical analysis was done using the SPSS software package, version 15.0 (IBM).
